Two RecA homologs, Rad51 and Dmc1, assemble as cytologically visible complexes (foci) at the same sites on meiotic chromosomes. Time course analysis confirms that co-foci appear and disappear as the single predominant form. A large fraction of co-foci are eliminated in a red1 mutant, which is expected as a characteristic of the interhomolog-specific recombination pathway. Previous studies suggested that normal Dmc1 loading depends on Rad51. We show here that a mutation in TID1͞RDH54, encoding a RAD54 homolog, reduces Rad51-Dmc1 colocalization relative to WT. A rad54 mutation, in contrast, has relatively little effect on RecA homolog foci except when strains also contain a tid1͞rdh54 mutation. The role of Tid1͞Rdh54 in coordinating RecA homolog assembly may be very direct, because Tid1͞Rdh54 is known to physically bind both Dmc1 and Rad51. Also, Dmc1 foci appear early in a tid1͞rdh54 mutant. Thus, Tid1 may normally act with Rad51 to promote ordered RecA homolog assembly by blocking Dmc1 until Rad51 is present. Finally, whereas double-staining foci predominate in WT nuclei, a subset of nuclei with expanded chromatin exhibit individual Rad51 and Dmc1 foci side-by-side, suggesting that a Rad51 homo-oligomer and a Dmc1 homo-oligomer assemble next to one another at the site of a single double-strand break (DSB) recombination intermediate.
D uring meiosis, homologous chromosomes recombine to produce the reciprocal crossovers needed for accurate reductional segregation during the first meiotic division (MI). In the budding yeast Saccharomyces cerevisiae, most recombination is initiated by double-strand breaks (DSBs; reviewed in refs. 1 and 2). The ends at DSB sites are processed by nucleolytic activity that forms 3Ј single-stranded DNA (ssDNA) (reviewed in refs. 1, 3, and 4) . The ssDNAs are then converted to homologous joint molecules (JMs), a recombination intermediate with two Holliday junctions between homologous duplex DNAs (2, 5) . The conversion of DSBs to JMs requires a homology search, followed by strand invasion and exchange. JMs are eventually resolved into mature recombination products.
Rad51 and Dmc1 are yeast homologs of RecA, the major bacterial strand exchange protein (reviewed in refs. 6 and 7). Rad51 and Dmc1 proteins play critical roles in the conversion of DSBs to JMs in meiosis. Both Rad51 and Dmc1 can promote the formation of recombinants in the absence of the other, indicating that they have overlapping functions (8) (9) (10) (11) . On the other hand, the finding that single mutants have qualitatively different effects on recombination intermediates indicates that the two play distinct roles in the formation of recombinants (10, 11) . Rad51 forms right-handed helical filaments on ssDNA that carry out strand exchange reactions in vitro. The Rad51-mediated strand exchange reaction is stimulated by protein cofactors RPA, Rad52, Rad55-57, and Rad54 (12) (13) (14) (15) (16) . Whereas there is less biochemical data on Dmc1 function, human Dmc1 has been shown to promote formation of homologous joint molecules and to form toroidal oligomers on DNA (17, 18) .
Rad51 physically interacts with other recombination proteins including Rad54 (6) . Tid1͞Rdh54 is a structural and functional relative of Rad54 (19) (20) (21) . Hereafter, we will refer to Tid1͞ Rdh54 as Tid1 for simplicity. Both Rad54 and Tid1 belong to the Swi2͞Snf2 family of helicase-related proteins (22) . Both proteins have DNA-unwinding activity that can promote Rad51dependent JM formation in vitro (refs. 15 and 23; P. Sung, personal communication). Tid1 interacts directly with both Dmc1 and Rad51, with the Dmc1-Tid1 interaction being stronger than the Rad51-Tid1 interaction (19) . Tid1's function appears to be partially specialized to promote recombination between homologous chromatids rather than between sister chromatids (19-21, 24, 25) . The same type of specialization has been observed in meiosis for Dmc1, as compared with Rad51 (10, 11) .
Immunostaining of spread of meiotic yeast nuclei has revealed that both Rad51 and Dmc1 proteins form subnuclear assemblies called ''foci'' (26) . Several observations support the view that these foci correspond to sites of functioning recombination complexes (10, 26, 27) . Rad51 and Dmc1 foci often colocalize, suggesting they function together in the same recombination event (19, 26) . RecA homolog foci in lily and mouse mark sites of ''zygotene nodules'' or ''early nodules'' (28, 29) , which are proteinaceous structures detected by ultrastructural analysis (30, 31) .
Normal appearance of brightly staining Dmc1 foci in yeast depends on RAD51; the Dmc1 foci that form in a rad51 mutant went undetected in an initial study but were later detected and found to stain faintly compared with those in WT (10, 26) . These results suggest that Rad51 promotes normal assembly of Dmc1 and also show that at least some Dmc1 assembly can occur in the absence of Rad51. Rad51 foci form normally in dmc1 mutants (26) . Whereas evidence for structural and functional interactions indicates that the two yeast RecA homologs can, and often do, contribute to the same recombination event, it remains unknown how assembly of two RecA homologs on meiotic chromosomes is coordinated.
In this paper, we present evidence that Tid1 promotes Rad51-Dmc1 colocalization. Tid1 and Rad54 also promote timely disappearance of Rad51 and Dmc1 foci. In addition, we show that Red1, a major meiosis-specific chromosome component (11, (32) (33) (34) , is also required for the normal codistribution of the two proteins. Together with the results of previous studies, these findings suggest that Tid1 acts to coordinate assembly of strand exchange proteins during both Red1-dependent interhomolog recombination and during Red1-independent recombination.
Materials and Methods
Strains. All strains described here are derivatives of SK1. The strains used contain the same markers as NKY1551 (MATa͞␣ Abbreviations: DSB, double-strand break; JM, joint molecule; R foci, Rad51-only foci; D foci, Dmc1-only foci; RD foci, Rad51-Dmc1 double-staining foci; R ϩ stage, Rad51-positive stage; D ϩ stage, Dmc1-positive stage; WT, wild type. ‡ To whom reprint requests should be addressed. E-mail: ashino@bio.sci.osaka-u.ac.jp.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
ho::LYS2͞ЈЈ, ura3͞ЈЈ, leu2::hisG͞ЈЈ, lys2͞ЈЈ, his4X-LEU2-BamHI-UR A3͞his4B-LEU2, arg4-nsp͞arg4-bgl); MSY241 (rad54::hisG-UR A3-hisG͞ЈЈ), MSY134 (tid1::LEU2͞ЈЈ), MSY147 (tid1::LEU2͞ЈЈ, rad54::hisG-URA3-hisG͞ЈЈ), MSY443 (tid1::LEU2͞ЈЈ, red1::LEU2͞ЈЈ), MSY439 (red1::LEU2͞ЈЈ), NKY2515 (zip1::LEU2͞ЈЈ). Also used were NKY1314 (MATa͞␣ ho::LYS2͞ЈЈ, ura3͞ЈЈ, leu2::hisG͞ЈЈ, lys2͞ЈЈ, his4X-LEU2͞his4B-LEU2) and an isogenic derivative, DKB968, containing red1::LEU2͞ЈЈ. Double prime means "homozygous." Anti-Serum. Guinea pig anti-Rad51 anti-serum was raised against yeast Rad51 protein purified from Escherichia coli. The antiserum was prepared by SP Co. Ltd., Kobe, Japan. The rabbit anti-Dmc1 and anti-Rad51 were previously described (26) . Both Rad51 and Dmc1 antibodies were purified as described (35) . Crossreactivity of each primary antibody was tested by using rad51 and dmc1 deletion mutant strains, and none was detected. Antibodies were used at a concentration of 2 and 5 g͞ml for anti-Rad51 and anti-Dmc1, respectively.
Cytology. Induction of synchronous meiosis was carried out as described previously (10, 27) . Meiotic cells were spherolasted and surface-spread on glass slides in the presence of detergent (Lipsol) and fixative (4% paraformaldehyde; ref. 36 ). After drying, spread nuclei were immunostained as described (26) . The slides were incubated with both guinea pig anti-Rad51 and rabbit anti-Dmc1 antibodies simultaneously overnight at 4°C, followed by incubation with secondary antibodies for 2 h at 4°C. Epifluorescence microscopy was carried out by using a Zeiss Axiovert 135 M or a Zeiss Photomicroscope III. Images were captured with a cooled charge-coupled device digital camera.
Scoring of Immunostained Nuclei. Scoring of foci and determination of colocalization frequency was as described previously (26, 27) . Pairs of foci in which Ͼ50% of the two signals overlapped were scored as double-staining foci. The predicted frequency of colocalization resulting from random distribution of foci was also determined by generation of random focal staining patterns by using DOT-STAT software (27, 37) .
Results

Codistribution of Rad51 and Dmc1 During Wild-Type Meiosis. The two
RecA homologs, Rad51 and Dmc1, were reported previously to colocalize on meiotic chromosomes in wild-type (WT) yeast nuclei (19, 26) . To study structures containing both RecA homologs in more detail, we carried out time course analysis of synchronized meiotic cultures. Chromosome spreads from various times in meiosis were prepared and double immunostained with anti-Rad51 and anti-Dmc1 antibodies ( Fig. 1 ). Three types of subnuclear staining foci can be detected by this method: Rad51 foci (R foci), Dmc1 foci (D foci), and foci that stain for both of these proteins (''co-foci'' or RD foci).
First, samples taken at regular intervals during meiosis were spread, and the number of foci of the three classes was determined in a large sample (n ϭ 100) of randomly selected nuclei. This analysis shows that 40% to 82% of foci observed are RD foci. These foci appear and disappear in a single peak with maximal abundance at t ϭ 3 h. An amount equal to 7.8% and 7.9% of foci observed were R and D foci, respectively. The two types of single-staining foci were initially present in similar numbers, but, at late times, D foci outnumbered R foci.
In a second analysis, samples taken at regular intervals during synchronous meiosis were scored in a binary way as either ''focus positive'' or ''focus negative,'' according to whether they contained a minimum number of foci of a given type, Rad51 or Dmc1, irrespective of colocalization. These two categories are referred to as R ϩ and D ϩ , respectively. This analysis was done because most focus-positive nuclei contain more than 15 foci (M.S., unpublished data), and, thus, transitions into and out of the foci-positive stage are fairly abrupt in most cases. When the frequencies of the two classes are plotted as a function of time in meiosis, the appearance and disappearance of R ϩ or D ϩ nuclei reflects the overall timing with which the two proteins assemble on and disassemble from the chromosomes. The area under each curve reveals the average life span of the stage. In addition, integration of this curve provides a cumulative curve that reveals when cells ''enter'' the stage, which they then ''exit'' one life span later (see legend of Fig. 2 for details). This analysis reveals that, during wild-type meiosis, R ϩ and D ϩ nuclei appear with very similar kinetics, with 50% of cells having entered the corresponding stage at t ϭ 2.5 h. The average life spans were also similar, 1.6 and 2.1 h, respectively. Whereas the difference in life span might imply late-stage conversion of RD foci to D foci, a more likely possibility is that foci containing only Dmc1 are defective in disassembly (see below).
Analysis of Codistribution During Meiosis in Mutant Strains.
Mutant strains have been analyzed by the approaches described above for WT. Analysis of focus-positive nuclei indicated that nuclei examined at t ϭ 3 h have recently acquired foci; 50% or less of all cells had acquired Rad51-and Dmc1-containing foci by this time point (Fig. 2 ). Thus, differences in the frequency of colocalization are expected to reflect primarily differences in the outcome of focus assembly rather than disassembly. Because quantification of individual focus types throughout a meiotic time course is very laborious, we began by analyzing the distribution of different focus types at this time ( Table 1) . As a control, we examined a mutant lacking Zip1 protein, a component of the synaptonemal complex (SC). Because the SC normally appears after focus formation, concomitant with disassembly of RecA homologs from recombination complexes, a zip1 mutant might be expected to have no effect. Accordingly, wild-type and zip1 mutant nuclei exhibit the same numbers and distributions of focus types, with 77% of foci detected being RD foci (compare lines 1 and 7). In contrast, analysis of mutants lacking Red1, Tid1, and Rad54 all exhibit important differences in both the absolute and relative numbers of all three types of foci. In all of these mutants, the fraction of foci containing both Rad51 and Dmc1 (percentage of RD foci) is reduced. Colocalization is only slightly reduced in rad54 (61%); but in all of the other cases, the fraction of RD is dramatically reduced, to Ϸ30% in red1 and tid1 single mutants and to Ϸ15% in red1 tid1 and rad54 tid1 double mutants.
Differences in the percentage of RD foci imply that the behavior of the two proteins is less tightly coupled in the mutant cases than in WT. We interpret these reductions to represent a reduced probability that both proteins will assemble onto the same site. The alternative possibility is that co-assembly occurs at the same frequency in the mutant, but RD foci have shorter life spans compared with R and D foci. The following considerations lead us to disfavor this alternative (as outlined in more detail below). First, the life spans of the R ϩ and D ϩ are the same or greater in the mutants than in WT. Second, there is no indication that R ϩ and D ϩ nuclei occur in sequential waves, as would be required for a reduction in the co-residency time. Third, in the case of tid1, Dmc1 foci form before Rad51 foci rather than simultaneously as they do in WT, indicating a loss of dependency of Dmc1 assembly on Rad51. Thus, red1 and tid1 appear to reduce the frequency of colocalized foci.
Time Course Analysis of Mutant Strains.
For RED1, analysis of the timing of entry into the focus-positive stage showed that the red1 mutation delays entry into R ϩ and D ϩ by about 1.0 h (Fig. 2C) . However, the life spans of both focus-positive stages were similar to those in WT. Nuclei entered R ϩ and D ϩ simultaneously as in WT. Time course analysis of individual foci revealed that the peak in RD foci was reduced about 4-fold in relation to WT (from 43 to 13 in the experiment shown; Fig. 2 A) . The effect of red1 on R and D foci was modest by comparison to the effect on RD foci. The peaks of R and D foci were slightly elevated, but the shapes of the curves were similar to WT, and the order of the peaks was the same (Fig. 2 A Insets) . The data indicate that Red1 is specifically required for the appearance of normal numbers of RD foci.
For RAD54 and TID1, cultures of rad54 mutant cells showed a delay in entry into both R ϩ and D ϩ relative to WT. Whereas the degree of the delay varied somewhat from one experiment to the next, a delay of about 0.5 h in the time of entry into both R ϩ and D ϩ was seen in three of four experiments (including the experiment shown in Fig. 2) . These results indicate that RAD54 accelerates assembly of the RecA homologs.
In marked contrast to the role of RAD54, time course analysis of mutants suggests that TID1 delays the time of entry into D ϩ . This conclusion is supported by comparison of tid1, red1 tid1, and rad54 tid1 mutant strains with the three corresponding TID1 strains. In all three cases, the strain containing the tid1 mutation enters the D ϩ phase earlier than its counterpart. This difference was particularly obvious when the red1 and rad54 cumulative curves were compared with the red1 tid1 and rad54 tid1 curves, respectively; entry into D ϩ was about 0.7-0.9 h earlier in the double mutants. Comparison of WT and tid1 curves also suggests that entry into D ϩ is earlier in the tid1 mutant than WT. Whereas we favor this interpretation, we note that the R ϩ cumulative curve constructed from tid1 data has a reproducibly bi-phasic shape. This bi-phasic nature of the curve raises the possibility that the life span of the R ϩ stage is not uniform in the culture, with nuclei entering R ϩ early exiting that stage more rapidly than cells entering R ϩ late. Such heterogeneity in the life span of the R ϩ stage is expected to shift the upper portion of the R ϩ curve downward, exaggerating the difference between the D ϩ and R ϩ curves (see Fig. 2 legend for details). Regardless of this complication, there is more independent evidence that tid1 forms D foci earlier than WT; about 20% of focus-positive tid1 nuclei contain D foci but not R foci at 3 h (Fig. 2B) . Given that the average life span of the R ϩ stage in the tid1 is 6.9 h, the 3-h R Ϫ D ϩ subpopulation is very unlikely to represent nuclei that have exited the R ϩ stage and likely to represent nuclei that have acquired D foci before acquiring R foci. In contrast to tid1, R Ϫ D ϩ nuclei were not detected during the assembly phase in WT (Fig. 2B) . Thus, TID1 appears to slow entry into D ϩ not just in red1 and rad54 mutant cells, but in WT cells as well.
The effect of a tid1 mutation on entry into R ϩ was more restricted than its effect on entry into D ϩ ; tid1 allowed early formation of faintly staining R foci in a rad54 mutant background (data not shown) but had little effect in a WT or red1 mutant strain background.
Mutations in tid1 and rad54 had dramatic effects on the timing of RecA homolog disassembly. Based on the area under noncumulative curves, the average life spans of R ϩ and D ϩ are 4.3and 4.0-fold longer in tid1 than in WT, respectively. The time between exit from R ϩ and D ϩ was increased in tid1 (Fig. 2C) . The data indicate that TID1 plays a role in disassembly of both Rad51 and Dmc1 foci and that the effect on disassembly of Dmc1 is more pronounced than the effect on Rad51. The single focus analysis revealed a strong peak of D foci in tid1 shortly before cells exit the R ϩ stage (Fig. 2 A) . This peak may reflect the fact that the foci containing only Dmc1 may be particularly defective in disassembly. It is also possible that the peak of D foci reflects an intermediate stage in disassembly of RD foci when detectable ND and NA, not determined, and not available, respectively. *For each strain, at least 100 unselected 3-h meiotic nuclei were counted. Numbers are averages of three to six independent experiments. Experimental errors are also indicated as Ϯ. † The predicted frequency of fortuitous superposition, as estimated by the computer program DOT-STAT (37) , is given in parenthesis. ‡ Time at which 50% of nuclei had entered the focus-positive stage, as determined from the cumulative curves in Fig. 2C . § Life spans of focus-positive stages as determined from the noncumulative curve data in Fig. 2B . amounts of Rad51 have been lost, but detectable amounts of Dmc1 remain.
The life span of R ϩ in rad54 was increased 2-fold to about 3 h whereas the life span of D ϩ was decreased slightly. Exit from D ϩ proceeded exit from R ϩ , a reversal of the normal order (Fig. 1H) . These results imply that RAD54 is more important for the normal timing of Rad51 disassembly whereas TID1 is more important for Dmc1 disassembly.
Disassembly of foci appeared to be completely blocked in the rad54 tid1 double mutant, indicating that TID1 and RAD54 share a function needed for RecA homolog disassembly. Whereas Rad51 foci did not disappear at late times, their staining intensity increased until approaching that of WT; then, starting at 6 h, much larger Rad51-containing structures began to appear and these structures became increasingly predominant as time progressed ( Fig. 1F ). It seemed that, rather than disappearing, R foci aggregated into large structures. This formation of large agglegates was not true for the Dmc1 staining pattern, which remained punctate.
Combination of a red1 mutant and a tid1 mutant yielded an intermediate phenotype with respect to the average life span of R ϩ and D ϩ . These results indicate that TID1 is required for timely exit from the R ϩ and D ϩ stage for RED1-independent as well as RED1-dependent foci, although disassembly of RED1independent foci is somewhat less dependent on TID1 than is disassembly of RED1-dependent structures.
Side-by-Side Appearance of Rad51 and Dmc1 in WT and rad54 tid1. In some of our experiments, a small fraction of spread WT nuclei were observed in which foci of Rad51 and Dmc1, rather than being precisely colocalized, lay side-by-side in closely spaced pairs ( Fig. 1 I and J) . The frequency of such R-D pairs suggests that they could be closely related to the structures scored as co-foci (RD foci) in the majority of spread nuclei. The spread chromatin (as detected by staining with the DNA-specific dye 4,6-diamidino-2-phenylindole; DAPI) occupied a larger than average area in nuclei containing R-D pairs, suggesting that such pairs might be visible at a brief stage during which chromatin is decondensed. It is also possible that these structures are actually the same as those seen as co-foci, with the difference ref lecting subtle differences in spreading conditions across the surface of the slide. We also note that rad54 tid1 double mutant nuclei selected on the basis of having relatively few D foci were often found to contain multiple side-by-side R-D pairs ( Fig. 1 K and L) .
Discussion
Colocalization of Rad51 and Dmc1 in WT. The results here confirm earlier work that showed a high degree of temporal and spatial coordination of the two RecA homologs Rad51 and Dmc1 (26) . Foci containing both Rad51 and Dmc1 are a predominant structure involved in meiotic recombination. Importantly, the data show that other proteins coordinate assembly of Rad51 and Dmc1. The average frequency of RD foci observed here was 77%. This value lies between previously reported values of 92% (26) and 40% (19) . The differences in the reported values are likely to result from selection of a subset of nuclei with bright overall staining in the first case and use of a different strain background combined with a more restrictive definition of RD foci in the second case.
Red1 Is Required for a PreDSB Process That Promotes Coordinated
Assembly of the Two RecA Homologs. The prominent defect in RecA homolog assembly in red1 is the 4-fold reduction in the peak of RD foci. This reduction in RD foci can be explained based on previous observations. First, mutations in RED1 reduce DSBs 3-fold or more (11, 25, 38, 39) . Second, analysis of JMs in red1 indicated that the reduction in DSBs resulted in a corre-sponding reduction in JMs between homologous chromatids whereas JMs between sister chromatids were unaffected (11) . Third, mutant analysis showed that both Rad51 and Dmc1 make separate contributions to the high ratio of interhomolog to intersister JMs characteristic of WT cells (11) . Based on these observations, Schwacha and Kleckner proposed that RED1 is required before or during the DSB step on a ''highly differentiated, interhomolog-only'' pathway that requires participation of both RecA homologs. The present results are consistent with their proposal if RED1-dependent RD foci are intermediates on the interhomolog-only pathway. Mutation of RED1 blocks a subset of recombination events that would normally involve assembly of RD foci, whereas the remainder of events, which involve the appearance of all three focus types, occur with relatively little perturbation.
Rad54 Contributes to Assembly of Rad51. The appearance of Rad51 foci is delayed in a rad54 mutant, indicating that it may have a modest role in assembly. Kanaar and colleagues have reported a much more dramatic role for Rad54 in assembly of Rad51 in mouse embryonic stem cells treated with ionizing radiation (40) . Appearance of Dmc1 foci is also delayed in rad54, probably as an indirect result of the defect in Rad51 assembly.
Regulation of Dmc1
Assembly by Tid1. In WT, assembly of Dmc1 is promoted by Rad51 and occurs most often at the sites of Rad51 assembly. Mutation of tid1 increases the tendency of Dmc1 to assemble at sites that do not contain Rad51 assemblies. The high degree of coordination of Rad51͞Dmc1 assembly is likely to involve specific protein-protein contacts. Direct interaction between Dmc1 and Rad51 has been detected for the human homologs (17, 29) , but not in yeast (19) . However, two-hybrid data have provided evidence that Tid1 can interact directly with both Rad51 and Dmc1 (19) . Thus, Tid1 may serve as an intermolecular bridge between structures formed by the two RecA homologs, thereby directing Dmc1 to sites of Rad51 assembly or by promoting simultaneous assembly of both proteins. The rad54 tid1 double mutant shows a lower colocalization frequency than the tid1 single mutant, indicating that Rad54 is likely to be able to substitute for Tid1 in colocalization of RecA homologs to a certain degree.
Dmc1 foci form earlier in tid1 mutants than in TID1 ϩ (WT) cells. These results suggest that, in addition to a positive role in directing Dmc1 to the sites of Rad51, TID1 may also act as a negative regulator by preventing assembly of Dmc1 at sites devoid of Rad51. There is precedent for factors that confer specificity by reducing nonspecific interactions. For example, the transcription factors in bacteria and TFIIF in eukaryotes employ direct contacts with RNA polymerase to lower the affinity of the polymerase for random DNA sequences (41, 42) . In addition to this negative role in determining specificity, factor also plays a positive role by binding promoter sequences. Perhaps association of Tid1 with Dmc1 lowers the affinity of Dmc1 for recombination sites devoid of Rad51.
Tid1 and Rad54 Share a Function Needed for Disassembly of Rad51 and
Dmc1. In addition to promoting timely assembly of Rad51 foci, Rad54 promotes timely disassembly. Tid1 has an even more pronounced role in disassembly; a tid1 mutant retains both Rad54 and Dmc1 foci for long periods. RAD54 and TID1 can substitute for one another in promoting disappearance of foci, just as they have been shown to substitute for one another in converting meiotic DSBs to recombinants (21) . The defects in the timing of focus disappearance observed in rad54 and tid1 mutants follow the general rule that disappearance of RecA homolog foci during yeast meiosis occurs shortly after conversion of DSBs to homologous JMs (26, 27) . It is possible that the disassembly defect and the defect in converting DSBs to JMs are both indirect consequences of failing to properly assemble the RecA homologs into a structurally normal complex. Alternatively, Rad54 and Tid1 may have two distinct roles, one that is nonessential for assembly of foci (but nonetheless coordinates such assembly) and a second role, which has been demonstrated biochemically (15, 23, 40) , that is essential for the ability of the RecA homologs to invade duplex DNA and form stable joints.
In addition to revealing a function shared by Rad54 and Tid1, the life spans of the focus-positive stages in the single mutants provide evidence for preferred functional interaction between Tid1 and Dmc1 and between Rad51 and Rad54. A rad54 mutation increases R ϩ life span more than D ϩ life span whereas the opposite is true of a tid1 mutation.
How Are Rad51 and Dmc1 Arranged in RD Foci? Three types of observation lead us to favor the view that Rad51 and Dmc1 each form homo-oligomers at recombination sites rather than a uniform hetero-oligomer composed of subunits of both proteins. (i) A tid1 mutation has a more severe effect on Dmc1 foci than on Rad51 foci, whereas the opposite is true of rad54. These observations add to others indicating that the two RecA ho-mologs can readily assemble and disassemble multimeric forms independently of one another (10, 27) . (ii) We detected a subset of nuclei that contain multiple side-by-side R and D foci rather than co-foci. (iii) Whereas homotypic interactions of Rad51 and Dmc1 are readily detected by two-hybrid methods, heterotypic interactions between yeast Rad51 and Dmc1 are too weak to be detected with the same constructs (19, 43) . We propose that the side-by-side arrangement of Rad51 and Dmc1 homo-oligomers is a key feature of meiotic recombination and that Tid1 promotes the assembly of this structure. One attractive possibility is that Dmc1 assembles on one DNA end at the site of a DSB, whereas Rad51 assembles on the other end.
